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he Turkish TSO (TEIAS) is leading a project called "Rehabilitation of frequency control performance of Turkish power system for synchronous operation with UCTE", aiming synchronous interconnection of Turkish Power System with ENTSO-E CESA System (European Network Transmission System Operators Continental Europe Synchronous Area). Hence, as a part of the project; retuning studies regarding the controllers in all considerable size power plants in Turkey are being governed to ensure system stability after interconnected synchronous operation.
One of the most serious concerns after interconnected operation regarding the overall system stability is the risk of undamped inter area oscillations which is a phenomenon related to small signal rotor angle stability of large scale synchronously interconnected power systems. It has been verified by experience that, such power system swings appear as the outcome of automatic voltage controllers with large gain and weakly interconnected, synchronously operating bulk power systems. Since fast tuned exciters are inevitable for voltage stability, which is another very important concern from the viewpoint of the TSO, extra measures should be taken to preserve system stability.
As will be shown in the proceeding parts of this study, the expected frequency of the most poorly damped mode of the interconnected system can decrease up to a close neighborhood of 0.15 Hz under weak system conditions, which may arise after outages of major elements of the system such as generating units or transmission lines. Therefore, since the expected frequency of the poorly damped inter area oscillations is quite low in comparison with the experienced ones in literature, which lie in the frequency band from 0.3Hz to 0.8Hz; in addition to the retuning study of power system stabilizers, the governors of hydraulic power plants should also be retuned so as not to deteriorate the damping of the machines and remove the sources of negative damping from the system. Hence, the application of the hydraulic turbine governor retuning criteria proposed in study to all considerable size hydroelectric power plants can be considered as a preliminary work to be completed before conducting studies regarding the steady state stability of the system.
III. EVALUA nON OF INTER AREA OSC!LLA nONS
It has been shown in [8] with both computer simulations and WAMS measurements that, currently the ENTSO-E CESA system may suffer from inter area oscillations, the frequency of which varies between 0.20 Hz and 0.42 Hz according to the system topology and the loading scenario. Preliminary studies have shown that with the synchronous interconnection of Turkish Power System to ENTSO-E CESA system, the frequency of the most poorly damped mode of the system may be down to �0.15 Hz.
A. Eigenvalue Analysis in the Approximate Model
In this part of the study, eigenvalue analysis is performed to show the undamped and poorly damped modes of the interconnected system, using the dynamical data provided by The University of Rostock, which is comprised of the approximate reduced dynamical model data of the ENTSO-E CESA system (75 Nodes and 133 Lines) and the comprehensive dynamical data of Turkish Power System mainly obtained from site tests of TUBIT AK UZA Y Power Systems Department and partially provided by TEIAS.
The most poorly damped scenario of the system, i.e., the worst case scenario, is chosen among several conditions to perform the analysis, which is the summer night minimum loading case. The main reason of this scenario for being the most poorly damped case among several scenarios is that, 2 most of the devices enhancing the overall system damping such as generators and industrial loads like induction motors are out of service. Only the specific eigenvalues of the system linearized around the operating point are calculated by DIgSILENT PowerFactory software, using Arnold-Lanczos method around the point in eigenspace where (}"re, �rng) = (0, 2nO.15) = (0, 0.95). In Table I As can be seen from Table I , the linearized system around the steady state operating point, i.e., the equilibrium point, has some eigenvalues on the right hand side of the eigenspace. However, this result does not prove that the system is unstable due to the essentially nonlinear nature of power systems. Hence, linear analysis tools can not be directly utilized in assessing system nonlinear stability. It is stated in the indirect method of Lyapunov that, if all eigenvalues of the matrix corresponding to the Jacobian of the system in the equilibrium point have negative real parts, then the equilibrium point is a uniformly asymptotically stable equilibrium point of the nonlinear system, in case the Jacobian matrix does not contain any eigenvalues equal to zero. However, Lyapunov's Indirect Method does not arrive at any conclusions regarding the instability of the nonlinear system which means that no conclusions regarding nonlinear system instability can be drawn by eigenvalue analysis. Therefore, the most convenient way of assessing the stability of a large interconnected power system is to perform nonlinear numeric simulations. The time domain simulations carried out in the same model prove that the system is unstable as illustrated in Fig. 1 . The blue trend illustrated in Fig. 1 corresponds to the frequency of Turkey whereas the red trend corresponds to the frequency of Spain after an outage.
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""" ,(StC) As can be directly seen from Fig. 1 , low frequency inter area modes (�0.13 Hz in this case) are prone to appear in the system during weak system conditions, those may appear after the outage of a major element of the system as stated in the preliminary interconnection studies. By time domain simulations, it has been concluded that poorly damped low frequency inter area modes may cause instability or sustained oscillations in the system after interconnected operation of both systems.
B. The Effective Control Range of a Hydroelectric Turbine Governor
The principal aim of a turbine-governor system is to regulate speed before synchronization to the grid and to maintain a proportional relationship between frequency deviations and output power change as the basis of primary frequency control. As can be interpreted directly, this philosophy means pure damping action for the frequency deviations, thus generation-load unbalance, from the viewpoint of the TSO. However, the effective damping frequency range of turbine governor systems is limited due to the inherent long time constants of the mechanical systems.
This phenomenon is more dramatic for the case of hydraulic turbines due the long time constants of both the control systems (such as wicket gates) and the plant itself (i.e., the inertia of the water in the penstock). The bode plot of the frequency response for the speed control loop of a typical hydraulic turbine governor system is illustrated in Fig. 2 for clarifYing the phenomenon.
As can be seen from Fig. 2 , at low frequencies, the turbine governor system behaves like a pure damping device for frequency deviations since the mechanical power lags speed by 180 degrees (i.e., the mechanical power variations are in phase with the damping term in the swing equation). However; once the oscillation frequency exceeds certain range, the hydraulic turbines deteriorate the system damping due to the increased phase lag between speed measurement and mechanical power, as a result ofiong time constant of the mechanical system, which means that the mechanical systems of the hydroelectric units causes a power component that further supports the low frequency inter-area oscillations. It is important to note here that as the frequency of the frequency oscillations rise up to 0.2Hz, the effectiveness of the turbines as a damping device vanishes. ;... . The effectiveness of several damping measures is illustrated in Fig. 3 to summarize the above explained phenomenon [3] . 
IV. MODELING OF HYDROELECTRIC UNITS
A. Mechanical System Modeling
The main motivation of this study is to effectively model a hydroelectric turbine so as to analyze its behavior in case of dynamically varying system conditions. Since every hydroelectric turbine is designed according to the specific geographical structure in the region of interest, no off the shelf universal nonlinear mathematical model satisfactorily representing the dynamical behavior of the unit is available. In this study, the detailed modeling of Francis turbines will be investigated since the vast majority of hydroelectric power plants in Turkey are equipped with Francis turbines.
The turbine and penstock characteristics are determined by three basic relations between the turbine mechanical power, flow of water and the inertia of the water column. It is important to note here that in per unit notation, velocity also corresponds to flow rate.
The mechanical power output of the Francis Turbine is a nonlinear function related to the flow rate (q) and hydraulic pressure that is strongly dependent on hydraulic head available (h). The nonlinear relationship representing the mechanical power of a turbine is expressed as a function of head and flow rate as in (1) and plotted in Fig. 4 [5] . The output power of the Francis turbines is adjusted by changing the wicket gate opening, hence the amount of water flowing into the runner blades which is expressed in per unit as in (2), where A denotes the relationship between the actual gate opening and effective flow area as expressed in (3) and plotted in Fig. 5 . The characteristics of the water column in the penstock feeding the turbine carry great importance in representing the dynamical behavior of the hydraulic turbine.
The most important parameter in representing the characteristics of the water column is the inertia of water in the penstock.
The head losses due to the friction of water against the penstock wall are proportional to flow squared as expressed in (4) .
Considering the water column in the penstock as a solid mass, the rate of change of flow in the penstock is related to the pressure, hence the hydraulic head available, using Newton's 2nd law of motion as in (5), where Tw, the water starting time can be expressed as in (6) . While developing the expressions (5) and (6), the water compressibility and pipe elasticity were ignored. Taking the water compressibility and pipe elasticity into account, the water dynamics can be written in per unit notation as in (7) and in (8) for a hydroelectric unit which are utilized to analyze the effect of travelling waves in the penstock and hence very similar to the long transmission line equations used in analyzing wave phenomena in power systems. The term "s" in (7) and in (8) corresponds to the Laplacian operator. In the equations, Te=(lIwave velocity) and Zn=(Tw/Te), where typical values for wave velocity of water is 1220m/s for steel penstocks and 1420 rnIs for rock penstocks and I is the length of the penstock [9] .
Taking the first terms of the Taylor series expansion of the equations (7) and (8) ends up with the final equation regarding the penstock dynamics expressed in frequency domain as in (9) .
The standard nonlinear hydraulic turbine models proposed in [6] are formed with regard to equations (1)- (9) , in MATLAB Simulink to perform the dynamical studies.
Although there are many hydroelectric turbine governor applications in practice, the basic philosophy of hydraulic turbine control regarding rate feedback is universal. The model of the most common governor control structure applied in practice, commonly referred to as a PD governor, which maintains proportional control with transient droop characteristics will also be utilized in this study. The characteristics of the electro hydraulic system will also be considered .
C. Generator and Excitation System Modeling
A fifth order generator model expressed by the set of differential equations in (d, q) reference frame in per unit quantities as listed in (10) are used to represent the generator model, which is a widely accepted model that is considered to be sufficiently accurate in analyzing electromechanical dynamics, which is the focus of this study.
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The model of IEEE Type STlA excitation system [10] , successfully represents the dynamics of the static excitation system utilized in this study being fed from the generator terminals through the excitation transformer (terminal-fed configuration). In addition, a ,.1w type PSS will be utilized in multi-machine system analysis. It should be noted here that the concern about excitation systems regarding damping of inter area modes is not focused in this study. That means a detailed PSS tuning work is not performed in this study and instead will be left as a future work.
D. Model Validation Study
In order to validate the overall model of the sample unit, site tests have been performed. In the site tests, one of the identical units was loaded and unloaded by step changes in power set point. Afterwards, the wicket gate position signal and active power output signal of the unit were recorded. Finally, the site measurements of the tests and the corresponding simulation results were plotted on the same graph in time domain. Fig. 6 and Fig. 7 compare the model output and site measurements for active power output and wicket gate position.
[70 The nonlinear simulation model is concluded to be satisfactorily representing the system as a result of the correlation between the simulation output and site measurements. 
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E. Evaluation of Existing Governor Settings
Prior to the interconnection of Turkish power system to ENTSO-E CESA system, the expectations in [2] regarding the quality of frequency control had to be satisfied. Therefore, the expectations from a hydroelectric power plant from the viewpoint of the TSO regarding primary frequency control performance can be stated as follows:
(i) For the step response tests, a settling time of no more than 30 seconds (ii) As stated in [4] , due to the high percentage of hydroelectric power plants in Turkey, the hydroelectric power plants should operate so as be stable in island mode even if they operate interconnected to the grid. (iii) The turbine governor systems of the hydroelectric power plants should not deteriorate the damping of the system for low frequency oscillations. Evaluating the primary frequency control performance of the sample unit with the existing governor settings from this point of view, it has been observed that, (i) The settling time of the mechanical power response against frequency deviations for the hydroelectric power plant was about 15 seconds. (ii) The existing governor settings of the hydroelectric power plant were unstable in island mode. However there was automatic parameter change-over in case of an island detection. (iii) The unit response would deteriorate the system damping in case of sustained low frequency oscillations as explained in the third part of this study occurred. The phasor diagram of the first harmonic of the mechanical power response of the unit against sinusoidal frequency oscillations of frequency 0.1 5Hz, is illustrated in Fig. 8 , where the x axis is in phase with the damping torque component of the unit.
As can directly be assessed from Fig. 8 , the turbine governor of the unit produces a torque component that constitutes a source of negative damping, hence threatening system stability. 
, , Since the basic motivation of the retuning study is to remove the component of the mechanical torque that deteriorates the system damping, the phase characteristics of the transfer function of the governor and turbine is focused on in the first step. Provision of phase lead from speed input to mechanical power of the unit helps the mechanical parts of the unit not to deteriorate the natural damping of the machine.
Writing down the explicit transfer function for the simplified linear governor model, the desired phase lead can simply be achieved by increasing the time constant and the gain of the transient gain reduction feedback loop of the PD governor. In this case, the frequency response of the mechanical system is as plotted in Fig. 9 . From Fig. 9 , it can easily be seen that with the addition of phase lead (i.e., phase lag for mechanical power), the mechanical response of the turbine governor system will not deteriorate the natural damping of the machine for the frequency swings due to poorly damped low frequency inter area modes. After the required phase lead for the speed (i.e., lag for mechanical power) around �0. 15 Hz is satisfied, it should be checked that the proposed parameters satisfY the island mode stability criterion as discussed in [4] .
Finally, the only consideration for the increased transient droop is the settling time expectation of the TSO, since with increased transient droop and time constant of the transient gain reduction feedback loop of the PO governor, the settling time of the mechanical response of the unit against fast frequency deviations significantly increases, which is an undesired behavior for the primary frequency control performance of the unit. The UCTE ground rules [2] determine the settling time of the control area against step frequency deviations as 30 seconds, therefore, it is expected that the settling time of the individual units against step frequency deviations should be comparable with 30 seconds.
In most cases, it is impossible to satisfY the expectations regarding the damping performance of the machine and settling time for large size hydraulic units. In such a dilemma, for large size hydraulic units, since system dynamic stability is inevitable, the tradeoff of the governor settings which do not deteriorate the system damping is the increased settling time, that may cause unintended power transfer to the ENTSO-E CESA System in case of severe incidences, since the frequency will not be restored in a short time interval causing the unit to continue responding. It is important to note here that this phenomenon will be compensated by the secondary control action and is not of primary concern as long as the total amount of primary frequency control reserve allocated to the hydroelectric power plants does not exceed a certain range throughout the system.
Another method to overcome this undesired effect is to reduce the amount of response of the units to frequency deviations by increasing the "Droop" value of the units. By this method, both the settling time of the unit gets closer to 30 seconds with the parameter sets satisfYing the stability criterions and the total amount of primary frequency control reserve allocated to hydroelectric power plants decreases which does not cause violation of the (n-l) rule for Turkish power system in interconnected operation with ENTSO-E CESA System, due to the decreased reserve requirement of the system as a benefit of the interconnected operation. In Fig. 10 , Fig. 11 and Fig. 12 , the corresponding simulation results with the proposed governor parameters are plotted.
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--:; In order to demonstrate the effects of the retuned governor settings of hydroelectric power plants to system stability and observe the effects of retuned governor settings in multi machine systems, Kundur's Two Area Power System in [7] is utilized. In the mentioned two area four machine power system in [7] , two out of three transmission lines between the two areas were put in service. The effectiveness of the proposed governor settings in multi machine systems were analyzed by replacing the model of the machine in [7] , in which the observability of the poorly damped modes were the greatest, with that of the hydroelectric power plant of interest. It should be noted here that since per unit system is utilized in the models, this replacement does not cause any ambiguities in the model.
In the simulations, Area I has been assumed to represent the ENTSO-E CESA system; therefore the inertias of the machines in Area 1 have been increased so as to create low frequency inter area oscillations (�0.15Hz), whereas Area 2 has been assumed to represent the Turkish Power System and no modification has been made for the machines in Area 2, except the replacement of one of the machines with the developed simulation model of interest. The two coherent generators (observed in simulations) both in Area 1 and in Area 2 were assumed to have the same voltage controllers with L1w type PSSs. In addition, the coherent machines were set to equal power and voltage output in order to focus only on the effect of the mechanical parts of the unit, but not the other factors effecting inter area oscillations such as loading, output voltage and controller structure of the unit. Therefore, 50% of the electricity generation in Area 2 (i.e., representative Turkish Power System) is scheduled to hydroelectric power plants, which is a realistic worst case dispatch scenario, considering the 30% share of hydroelectric power plants in total installed capacity of Turkish Power System. Such a scenario may occur due to market conditions in Turkey in spring season, when the hydroelectric power plants are operated close to their full capacity and the total demand is at minimum. Further, Area 1 is assumed to transfer 400 MW to Area 2 in order to create a weak system configuration from the viewpoint of small signal rotor angle stability, in addition to simulating a permanent fault causing outage in one of the two transmission lines between the two areas.
It has been observed from the simulations that the generators both in Area 1 and in Area 2 oscillate coherently and hence represent the expected mode shapes of the Turkish Power System [8] and ENTSO-E CESA System after interconnection. Fig. 12 illustrates the frequency of the two power systems after the outage of one of the transmission lines with the existing governor settings of the hydroelectric unit of interest, whereas Fig. 13 illustrates the frequency of the two power systems after the outage of one of the transmission lines with the proposed governor settings of the hydroelectric unit of interest. It can be clearly seen by inspection of time domain simulations that, with the removal of sources of negative damping, the overall damping performance of the system for poorly damped low frequency inter area modes is expected to 7 be enhanced. In simulations of the test system, the behavior of the proposed settings against contingencies were also found out to be satisfactory since the system frequency was observed to be stabilized (not restored since the secondary AGC controller is not modeled in the test system) in a period that is approximately equal to 30 seconds.
C. Global System Simulation
After the proposed settings were observed to be suitable for network operation, the effectiveness of the proposed settings in terms of removal of the negative damping sources in the system were simulated progressively using the global system data (i.e., the reduced ENTSO-E CESA System and the comprehensive Turkish Power System data). Maximum loading condition of the two systems (ENTSO-E CESA System demand is 329 GW and Turkish Power System demand is 30 GW) is simulated where poor damping performance is expected and the PSSs of the machines were turned off in order to focus only on the effect of the removal of sources of negative damping for low frequency inter area modes. In addition, a market situation where Turkey exports 1000 MW to Italy over the Balkan countries is simulated in order to create a weak transmission scenario. Fig. 14 illustrates the frequency of Turkish Power System after the outage of a 1200 MW power plant in Spain, when Ataturk and Karakaya Hydroelectric Power Plants (4200 MW total capacity) are retuned as in [15] and [16] . Fig. 15 illustrates the frequency of Turkish Power System after the outage of a 1200 MW power plant in Spain when all hydroelectric power plants in the priority list in [3] are retuned according to [11] - [18] , except Keban Hydroelectric Power plant which is in the scope of rehabilitation work. It can be observed from Fig. 15 that as the amount of the removal of sources of negative damping throughout the system is increased, the system damping performance is enhanced.
VI. CONCLUSION
In this study, it is shown that with the removal of sources of negative damping for the frequency of expected poorly damped modes for the synchronous interconnected operation of the Turkish Power System and ENTSO-E CESA System, the damping performance of the system is enhanced significantly. Since the expected frequency range of inter area swings is within the frequency range where speed governing structures are responsive, (provided that magnitude of this oscillations increase over a certain range), turbines in large size hydroelectric power plants should be taken into account to be the possible sources of negative damping using the nonlinear simulation model.
The model parameter tuning study with regard to the objectives of enhancing system damping to prevent contribution to inter area power swings and acceptable LFC performance from the viewpoint of TSO is performed for a sample hydroelectric power plant, which concerns acceptable response time and hence minimization of unintended power transfer through tie lines. In addition, the effect of retuned governor settings of the sample hydroelectric power plant is shown with case studies concerning system damping and acceptable LFC performance utilizing a representative multi machine power system model.
Finally, the overall effect of retuned hydroelectric power plants in the priority list [3] is shown and it is concluded that with the removal of possible sources of negative damping throughout the system, the damping performance hence the small signal stability and the security of the system is enhanced.
